Repair of a double-strand break (DSB) by an ectopic homologous donor sequence is 1 9 3 1 recombining with a DSB located more distally on one arm, suggesting that sequences 3 2 on the opposite arm from the DSB are not otherwise constrained in their interaction with 3 3 the DSB. The centromere constraint can be partially relieved by inducing transcription 3 4 through the centromere to inactivate CEN2 tethering. In diploid cells, repair of a DSB 3 5 via its allelic donor is strongly influenced by the presence and the position of an ectopic 3 6 intrachromosomal donor. 3 7 3 8 3 Author Summary 3 9 A double-strand break (DSB) on a chromosome can be repaired by recombining with an 4 0 ectopic homologous donor sequence. Interchromosomal ectopic recombination is 4 1 strongly influenced by the three-dimensional arrangement of chromosomes in the 4 2 nucleus of haploid budding yeast, that is strongly influenced by the probability of 4 3 chemical cross-linking of the donor and recipient sequences. Here we explore how 4 4 recombination occurs on the same chromosome. We examined how intrachromosomal 4 5 repair is affected by the location of the donor sequence along the 812-kb chromosome 2 4 6 (Chr2), with a site-specific DSB created on the right arm (position 625kb). Repair 4 7 correlates well with contact frequencies determined by chromosome conformation 4 8
in which by a patch of DNA newly copied from the donor to replaces the 117-bp HO 1 0 5 cleavage site sequences [Lee, 2016 #12798] [Ira, 2006 (2, 9) . We and others 1 0 6 6 have observed that intrachromosomal gene conversion occurred generally more 1 0 7 efficiently and with a faster kinetics than interchromosomal events [Lee, 2016 1 0 8 #12798; Agmon, 2013 #12545] [Mehta, 2017 #13041] (1,2,10). To examine intrachromosomal repair in more detail, we constructed a series of 1 1 0 12 strains, in which a DSB was created within a 2-kb LEU2 gene inserted 625kb from 1 1 1 the left end on chromosome 2 (Chr2) and a donor was inserted at different sites across 1 1 2 the chromosome ( Figure 1A) . The DSB, created by galactose-inducible expression of 1 1 3 the HO endonuclease gene, is situated 387 kb from CEN2 and 187 kb from the right containing medium. Virtually all of the survivors repaired the DSB by ectopic gene 1 1 8 conversion rather than by nonhomologous end-joining, which occurs only in 0.2% of 1 1 9 cases [Lee, 2016 #12798](2). Cell viabilities among the 12 strains ranged from 9% to 1 2 0 89%; because these repair events occur on the first cell cycle, the observed frequencies 1 2 1 are equivalent to rates. Repair efficiencies were then plotted with respect to the total contact frequencies 1 2 3 between the DSB region and the donor region, which is calculated by adding up all the 1 2 4 interaction reads, measured by [Duan, 2010 #10805] (7), between +/-25kb region 1 2 5 surrounding the DSB site and either a +/-10kb ( Figure 1B surrounding a donor site. Cell viability displayed a strong correlation with the total 1 2 7 contact frequency; however, the effect of contact frequency on cell viability approached 1 2 8 saturation when donor was within about 100 kb of the DSB, where contact frequencies 1 2 9 7 also reached a maximum ( Figure S1B ). The calculated correlation coefficient using
Pearson correlation analysis was r = 0.82 (P = 2 x 10 -3 ) with +/-10kb window around the 1 3 1 donor and r = 0.85 (P = 5 x 10 -4 ) with +/-20kb window around the donor. Thus, 1 3 2 intrachromosomal recombination is strongly constrained by the likelihood that two 1 3 3 sequences will come into contact, as we saw for interchromosomal events. We note that when donors were located within 50 kb from a telomere (locus 1 1 3 5 and 12), their measured viabilities were higher than expected based on their contact anchor appear to be unconstrained [Avsaroglu, 2014 #12111] (11), it seems possible 1 4 0 that the underestimation of contact frequencies may explain the higher-than-predicted If one plots the correlation between cell viability and the distance of a 1 4 7 homologous LEU2 donor from the left end of Chr2, it becomes evident that donors 1 4 8 located close to the centromere display a low repair rate compared to donors located 1 4 9 within a chromosome arm ( Figure 2A ). Indeed, the efficiencies of repair are in itself -behaves as if these sites are as accessible as those on the right arm ( Figure 2B ). These results suggest that the tethering of the telomere of the left arm does not prevent 1 5 8 sequences from interacting with the DSB on the opposite arm as efficiently as sites on 1 5 9 the right arm, when the sites are equally distant from the centromere. To further explore if the correlation between genomic distance and cell viability is (14) that is responsible for the enrichment of cohesin at the pericentromeric region. [Tsabar, 2016 #12794] (15). However, deleting MCM21 did not result in a change in 1 7 0 repair efficiency (and thus cell viability) among four of the MCM21 deletion strains 1 7 1 whose donors were close to CEN2 ( Figure 3A ), suggesting that the depletion of Mcm21 As an alternative way of disrupting kinetochore attachment to the SPB, we the Chr2 centromere, had no significant effect on donors located far from CEN2, but did 1 8 7 significantly raise the level of repair of two loci near CEN2 ( Figure 3C ). To confirm that transcription did indeed perturb centromere function in these 1 9 0 strains we carried out pedigree analysis to measure missegregation of the chromosome 1 9 1 by the appearance of daughter cells that failed to inherit Chr2 [Tsabar, 2016 #12794] 1 9 2 (15). To be sure that segregation was not also influenced by the HO cleavage, we 1 9 3 modified strains by removing the HO cleavage site, so that only the GAL::CEN would be shown). For strains with wild type CEN2 (cutsite-deleted derivatives of strains YWW113 1 9 9 and 119), both mother and daughter cells gave rise to colonies in each of 45 cases. For 2 0 0 the modified strain YWW216 (donor at 220 kb, 18 kb from CEN2), lacking the HO 2 0 1 cutsite, 16 of 29 daughters failed to produce colonies, and for modified strain YWW231 arm. The diploid strains were constructed by mating strains that carried the leu2::HOcs 2 1 6 at 625kb and an intrachromosomal ectopic LEU2 donor at different locations with a 2 1 7 strain carrying a URA3 selectable marker and a leu2-K donor at 625 kb; that is, at the 2 1 8 allelic position to the DSB ( Figure 4A ). Normal MAT sequences were deleted (see Materials and Methods). In these strains, viability was nearly 100% as expected for a 2 2 0 diploid where an unrepaired DSB and chromosome loss would still lead to a viable 2 2 1 1 1 aneuploidy [Malkova, 1996 #333] (20) . We assessed the use of the intrachromosomal 2 2 2 ectopic (LEU2) and allelic (leu2-K) donors by PCR-amplifying the repaired locus 2 2 3 followed by KpnI digestion, both in pools of cells ( Figure S2 ) and from colonies of 2 2 4 individual recombinants ( Figure 4B ). HO cleavage is nearly 100% efficient so no 2 2 5 amplification occurs from the unrepaired leu2::HOcs site. The use of the ectopic (KpnI + ) donor was substantially reduced in each of three examples ( Figure S2C) , as compared to the use measured in a haploid strain by a 2 2 8 viability assay ( Figure 1B) . In pooled cells, for example, for site 2 (122kb), which was 2 2 9 36.3% viable in the haploid strain assay, only 12.3% of the repair events used this 2 3 0 intrachromosomal donor. For site 8 (532kb), which was a highly efficient donor (84.7%) 2 3 1 in the haploid assay, its use was decreased to 57.7% in the diploid, with the remainder 2 3 2 coming from the allelic locus. The PCR-KpnI assay used in Figure S2 allelic gene conversion events that co-convert leu2-K and the adjacent URA3 marker the PCR conditions used to assay the population of recombinants, as shown in Figure   2 3 7 S2B. To assess the proportion of the three types of possible outcomes, we analyzed 2 3 8 individual repair events ( Figure 4B) , where we used PCR conditions that recover all of 2 3 9 the relevant products. Of 31 events, 16 (51.6%) used the intrachromosomal donor, 2 4 0 while 12 repaired the DSB without co-converting the adjacent URA3 marker and 3 co- The ectopic donor shares 1 kb homology on either side of the DSB whereas the 2 4 4 allelic donor has extensive homology on both sides of the break (with a 1-kb insertion 2 4 5 on one side). Previously we have shown that increasing homology from 1 kb to 2 or 3 2 4 6 kb on each side of the DSB had a very significant effect on the efficiency of ectopic DSB 2 4 7 repair [Lee, 2016 #12798] (2); the data here are consistent with the idea that sharing 100 kb of the DSB, which show very high levels of contact frequency, reach a plateau in 2 6 7 their ability to recombine, but beyond that distance repair roughly diminishes with 2 6 8 distance as the donors are placed closer to the centromere. However, at increasing 2 6 9 distance from the centromere on the opposite chromosome arm, repair frequencies 2 7 0 increase. This pattern is consistent with the Rabl configuration of chromosomes and, itself. These results suggest that the left arm is not tethered away from the DSB site. The high level of accessibility of sites on the left arm that are distant from the 2 7 5 centromere is not evident in the Hi-C data, which is swamped by interactions close to 2 7 6 the site of interest ( Figure S1B ). Our results demonstrate a strong constraint on the ability of centromere-proximal (1) showed that recombination between centromere-adjacent sequences on different Despite reports that deletion of MCM21 leads to the partial dislocation of by galactose-induced transcription proved to cause a modest but statistically significant 2 8 8 increase in the ability of centromere-proximal sequences to recombine. We note that 
